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\\ . ABSTRACT

Y

There existed a a1eed for an interactive program that
would provide the usar assistanc2 ir solving applications of
linear contr>l theory. The Lii2ar Control Program (LINCON)
and its user's quids satisfy this need. A series of +ten
interactive programs are presented which permit the usar to
carry out amalysis, design aad simulatiosa of a broad class
of linear ceatrol problems.

LINCON consists 5f two gJroups: matrix manipulation,
transfer function 2aid *iae rs=sponse programs; and mo3ler:
controls programs. Examplaes £or sach are workad within each

terminal session saction.
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I. INIRIDUCTION

The purpose of this thesis was to update an existing
program which provilas assistance in solving compu%ational
problems associated with the study and application of linear
cortrol thecory. Th2 Linear C»oatrols Projram (LINCON) was
first d2veloped by M2lsa [ 1] ard adapted for batch use az
NPS by Desfardins [ 21} Although +he osriginal 3inten+ of
this thesis was simply +o take Dssjardins®' adapted version
of Helsa's LINCON and furthar adapt it by makiag it
interactive, LINCON soocn be3gan ¢o grow as other Toutines
were incorporated, as will be 2>%t2d, wun+il its present form
vas achieved.

LINCON, as suczh, 3is a higa lsvel applications software
system made up of 1 large nuabsr of prograa *cols for
interactive analysis, design ani simulatioa of a broad zslass
of 1linear «control probl=zas. dith  LINZON, users can
ccucen*rate on <+thazir specializzd applications rather =<han
system design and routire program devzlopment, thzzrsby
saving valuable tias,

I is assumed that the rsadar is familizar wish the basic
concep*s of 1inear ZOonR%*rol “hed>ty as may be obrained from

ary cre of a nuabzt Of availabls <“zxtbooks (see *he




|

bibliography. As such, tha LINCON subprograms are
presentad in a user-~-a>riented fashiom. First, their pur pose
and some general rulas that may apply are given; <hen the
input requirements are present2d and the expected outputs
are described. Examples for 2ach are work23 out incluiding a

ccpy of the tesrminal session and the final resul+ts.
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II. SYSIEY IVERVIEW

During LINCON's latest development, underlying
quidelines called for concepts which accounted for ¢he needs
of the computer syst=m, the projrammer, and the user.

The gquidelires followed 3luring *his latest developnment
stage were:

(1) Operation of the systzm should be 3in an on-line
interactive mode such that data <=an be =asily iaput
to (or output from) th2 system and readily accessed
for verificzation, examina+ion, a2nd procescing.

(2) Program davziopment saculd be in a high-level
language in' ozder pofe} fagcili*ate software
implementatiosa and proms%s machine independencs=.

(3) The software should bz 253ular In structure s> zhat
programs <2iaa b2 @m2difiszd or inserted without
affecting 2xistingy pragraas.

(4) Programs shd1ld be iivoked by 1nsans of 1d3ical
procedures or ccaminls which ainiaize <ir-erac=ion
“ime and whizh are us=r-sriea*tad so that pecple carn
operate th2 system wi*taou+s first becocmiag compuier

experts.

11




A« INTERACTIVE OPERATION

The applications of LINCON are focused on interactive
processing. Experi2nce has shown that interactive on-1line
communication has many advantagss in a research environment
because it offers <th: opportunity to maks observations and
select alternate courses o9f action in a more flexible manner
thar with batch proc2ssing [ 3)]. LINCON is organized arourd
a collection of intar-relat2d command proagrams, each of
which performs a sp2cifi2d function and zan be executesd by

mears of 3 simple ksyboard initiation sequence.

B HIGH LEVEL LANSUASE

An Importan* feature in the 3esign of LINCON is thaz i*
was implamen+ted ia a high 1lavel language. Program
developmen% in ass2aply languag:s is mor= time consuming angd
results in system lepandent ss>fiware.

LINZON is programmed in ANSI stz2n3ard FORTRAN and
foliows the convern<ions o2f FORTRAN IV. TORTRAN has been
fourd to be a useful language f>r several reascrns:

(1) Since some Sorm of FOKTRAN Is availaole on acs<e

compizers, LINCON is highly portabi2 <from one
computer to arother. 4 FOBTRAN based syst2m Is

helpful Zor importirng proarams as well 3s 2xpor=ing




them. Of course, FORTRAN compilers don't all follow

the same stardards E3e] tnere can still be
difficultiss.

(2) PORTRAN is a simple =2a>ugh language that relatively
complex programs can bz implemesnted in a short
period of tiame. Most scientific and research
personnel know FORTRAN sufficiently well to write
their cwn programs if n2cessary.

{3) Algorithms can be test21 and implsmented in PORTRAN
and later convertad to assembly language versisas if

more speed and sfficiszncy are a1scessary. This

—

proceiure has the far+her benefi+t of 2iding
por+tability such +that =zven if parts have been
conver+ed to assembler, =2quivalent FORTRAY versions

are availabla.

C. MODULAR SOFTWARE
Overall systea flexibil“y <is achisved by means of

modularity. LINCON is actaal nzde up oI a2 large numbez of

.—‘
~

s
n

irdependent ccamani orograms. 3Jach ccmmaad program st

w

ho

or. 2+ts own with thz ability to take sonz form of inout,

possibly supplied by scms previsus command, ard gensca+e
scme form of output, possibly “o be wuszd by a £slisw-up
ccamani.

13
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D. USER-ORIENTED JPERATIION

An importart aspact in this modificatiosn of LINCON was
to make the ccmmands wuser-orisnted so that operating the
system does not r2quire an engireericng or computer
background. This was 2chiav2d with a standard <erainal
keybtoard by using phonetic characters which relate <9 the
function which the commanl is to parform. A good
combination of brevity and clacity is built into LINCON %o
avoid having to push 2xtra buttons on the keyboard whil=a at

the same time preventing ambiguity.

. INPUT BRESTRICTIONS AND LIMITATIONS

Al“hough the 3inpit raquirsaants are fully Jdescribz4 in
the presertation of 2ach prograia, <+there ace s=2veral input
format similarities i1sed by all >f them. For ease of use,
and, more honestly, for ease of programming, most of <he

ut.

data irpu* is groupel in the san=s arrangenm

w

(ag

The €irst irnpu

-
-

evary pra3jram is us

w

d to iderntify the

prcblem for refer

w
t

-~
~

w

aal £for osu*=put data. A maxiaua of
twernty alpha=-numsricz charac4zar can be used. This
restciction was ndot 1 syst=as limitation but a prograamer

jecision.

14
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The next input <co>mmon to all programs is the dimension
of the plant matrix >r A matrix. The format is I1 which
would normally restrict the user to 2 maxiaum matrix sizes of
9x9, however, du2 to, again, a prograamer decision, a
dimension size not to exczed 8 is requested. The reasoning
behind this was due, in part, to the printer. The NPS
printer is <capabls 3f printing 133 characters on 2a line.
Since the output format to the printer is B8E16.6 <his
naturally limits one to 8 numpsrs per lins. Six places are
rormally considereil nacessary f>r good accuracy. A& solu<ion
that would have lead to arn unlinited matrix size would have
beer. %5 incorporate a "wrap around" routine within the
prcgram. After attempting this 1+ was decided <+he results
were just =00 difficalt %o read.

Matrices are antared ons 2la2ment at 3 tim2 Dbegizning
with element 1,1 and continuingy across “he cow. The 1ex:t Tow
is +hen entered, and the procsss cortinues unh<il all
elements have been entered. AZ<zr <he ma%rix is entered, <he
complets ma+rix Is 2aa+omatically brough+ t2 *he scresn for
review apd possibles correction. If a chanjys %2 *he masc-ix is
desired *he user siadly -ent2rs the rcow number azd zolumrn

number without a separating =ommi. Fcr =xampie, 35 woulid

Stk ittt ol ottt bt e e -




indicate the elemant in row 3 and column S. After being
prompted the changs is enter2d. A revievw o2f ¢the matrix is
again screened. The aser is 131in promp:t2i for any possible
charges. This procziure contiaues until all changes have
F - been made.

Any special rejui-ements osr limitatious will be brought

to *he user's attention within 2ach prograa presentation,




IIT. MAIRIX MANIRILATION, TIANSFER EUNCIL

BESPINSE PRIGRAMS

o
1=
(1ot
1=
o
"3
(=)
=
[ ]

A« INTRODUCTION
In this chapter four prograas are discussed which may be
use¢ for the aralysis and design of 1liaear con+trol sys<eas

represented in state variabls form as

() = Ax(c) + bu(:) (3. A-1)

w(t) =Kiz(t) - k x(t) ] (3. 2-2)
T

Y& = ¢ x(t) (3. A-3)

The first, BASMAT, is ta2 Basic Matrix manipulation
program which is ased for computing the determirnant,
inverse, characteristic polynonial, and s2igenvaluaes for a
squarce matrix A. [1 addition, BASMAT will calcula*e <=hs
sta*e *ransition matrix and thz PHI(s) matrix. The second
program, P3FEXP, <calculates ths partial fraction sxpansion
of a polvyromizl. Th2 third proyram, ROOI5, «calculat2s %hs
rocts o2f a polynamial. Th2 four<h program is ausel <£ot
detecmining +*he tims respons:s of 1linear zcentzsl systoms.
RTPEZSP will determinz the ratisral +*ime -esponse of a2 syszam

ir closed-form provii=2d thaz th2 input functioson =(*) has 2

17




N

rational time <response 2and that there be no rep2ated
eigenvalues in the coabination >f +the systsm and Input. It
should be noted hersz, and will be agair in the ac*ual
discussion ¢ the progyram, that by settingy c(t) ard K szqual
to zero, unforcad aad open-loop systems may be studied,

respectfully.

13




Tp, OIS

Be

Given

BASIC MATRIX PROGRAM (BASMAT)

the plant watrix A, BASMAT can

following:

specific

lower case.

(1) the de+terminant of A, d2¢ A

(2) the inverss >f A, A-!

(3) the characteristi:z polyaomial, det(sl-3})

{(4) the

(5) state triasitiosn mpatrix, §(t) =

(6) PHI (s) matzix, P(s) = (sI~A)-?

1.

contains a terminal

problean. Coamands =2n+*=2red by the

All of BASMAT's capabilities will

beginning wizh following plaa* sacrix:

1.0 0.3 0.0
A = 0.0 -2.0 1.0
0.0 -0.5 1.0
[ ]
lincon
ZXECUTION 33GIVS...

LINCON CONSISTS Of THE FOLLOWING SUBPROGRANS:
BASIC MATRIX MANIPULAIION - <BASYAT>
RATIONAL TIME RZSPONSE -~ <RTRES2>
STATE VARIABLE FEEDBACK - <5TVAR>
CONTROLIABILITY AND OBSERVASILITY -~ <3BSCON>
LUENBERGER OBSERVEIR ~ <LUEN>
OPTIMAL ZCONTROL/XALMAN FILIZRS ~ <RICATI>
DISCRETZ TIME {ALYAN FILTER - <KALMAND>
OPTINMAL CONTEROL - <OPTCIN>
PARTIAL FRACTION ZXPANSION - <PRFEXP>
ROOTS O™ & 20LINOVMIAL - <RJIIT7S>

TO USZ ONE OF THE SU3 PROGRAMS TIYTER THE NAME BETWEEN

19

compute

eigenvaluas of th2 characteristic polynomial,%‘

2xp (At)

sessicn

the

th
(O]
(B ]
w

user ace in

ized

be uti

THZE




YMBOLS < >.
asmat

NOW ENTER THE DIMENSION OF THE A MATRIX (0UP TO 8).

THE ELEMENT A(1,% =

[l
g

THE ELZMENT A(1,2)

THE ELEMENT A(1,3)

fl

0 OTHE ELEMENT A(2,1)

HE ELEMENT 2(2,2)
‘2-8 ( !

it

1 OTHE ELEMENT a(2,3)

(]

THE ELEMENT A(3,%

[

-O.EHE ELEMENT A(3,2)

THE ELEMENT A(3,3) =
1.0
THE A MATRIX
1. COE+ 00 o) J.)
0.0 ~2.J00E+Q00 1.J0E+QQ
0.0 ~5.202-01 1.J30Z+00
DO YOU WANT TO CHANGE ANY EZLEMENT OF THE MATRIX?
n
DO YO WANT TO CALCULATE THE DETEIMINANT?
b
THE DETERMINANT JF THE MATRIX
-1.50E+00
ARE YOU SATISFISD WITH THE RESULTS?
Y
DO YOU WANT THZ DETERMINANT PRINTED?
y
DO YOU 4ANT TO CALCULATE THE INVERSE?
Y

29




THE INVERSE OF PHE MATRIX

1. OOE*OO 0. O.)

0. ~8.537E-21 5.572-01

0.0 -3.33E-01 1.33E+00
ARE YOU SATISFIED WITH THE RESULTS?

DO YOU ®ANT THE INVERSE PRINTED?

Y
MATRIX?

DO YOU WANT TO CALCULATE THE PHI(S)

Y
LRI 2 22 2R 2R 222N RS I R Rt R RS IS

THE MATRIX CQEPPICIENTS JF THE NUMERAIOR OF THE
PHI (S) MATRIX
THE MATRIX COEFFICIENT OF 3%%2

1.003000 0.3 0.2
0. JOE+00 9.)

o.o O.J 1.30E+00

THE MATRIX COEFFICIENT OF
1. J0E+00
.0

Skx%1

0. -
-2.80E+00 1.)32+00
-5.30E-01 1.J0E+00

*®

THE MATRIX COEFFICIENT OF
-1. 505400 '8
3 .3

O.
TISFIZED s?
NSE L PTION TO MAKE
TH
DO YOU W4A8T A PRINTOUT OF I'iE RESULTS?
4
L CHARACTERISTIC P2O0LYNOMIAL?

DO YOU WANT TO CALCULATE THE

Y
e o e ofe o ok ok ok e skl kK ok K ol ok ke sk ok e ke koo s ok ke ke e ok e e oK Kk ok ok o 3K ok ko ok ok ke kol ok ok kK

FARACTERISIIC POLYNOMIAL-IN ASCENDING POWERS OF S

THZ T
1.00B+G0

1.50E+30 -2.50E+30 J.)

ARZ YOU SATISFIED WITH THEZ RESULTS?

DO YOU WANT THE ZHARACTERISIIC POLYYOMIAL PRINTED?

Y
DO YOO WANT TO CALCULATE THZ EIGENVALUES?

Aok ook e e e e ool e ok i e R R R ok g Kk ok o ak i e e ¢ e e e e ok ook ok e s ok ke e ok ok oK Kok ok Kk ke kK ke




THE_RIGENVALUES )F Tﬂs A MATRIX
RZAL_PART IMA3. PART
8.23E-01 0.)
-1.82E+00 0.3
1. 00E+00 0.)
ARE YOU SATISPIED WITH THE RESULTS?
Y
DO YOU WANT THE EIGENVALUES PRINTED?
b4
DO YOU WANT TO CALCOULATE THE STATE TRANSITION MATRIK?
Y

ok ok ol ek o el e e ek ok ok gk kKo KKK R ko R o Rk Kok ok ok K ok Kok Kk ok k kR kR

THE ELEMENTS OF THE STATE IRANSITION MATRIX
THE MATRIX COEFFICIENT OF EXP( 8.23E-01H)T

0.0 0.) J.;
0.0 -6.59E-22 3.78E-Q1
0.0 -1.39E~01 1.)72+00
THE MATRIX COEFFICIENT OF EXP( ~1.82E+00)T
0.0 DQ
0.0 39E-01 ~56.39E~02
THE MATRIX COEFFICIENT OF EXP( 1.00E+4J0)T
1 E+00 .
D §0P00 Bdee-0s 2idse-06
0.0 5.36E-07 1.)7E-06
ARE YOU SATISFIED WITH THE RRESULTS?
A NO RESPONSE WILL GIVE THE JPTION TO MAKE
CHANGES TO THE A YATRIX.
Y
DO YOU WANT A PRINTOUT OF THE RESULTS?
Y
THIS CONCLUDZES THE BASIC MATRIX MANIPULATION PROGRAY
(BASMAT).
ANALYSIS IS COMPLETE. DO YJJ WANT TO RUN LINCON AGALN?
n
LINCON IS NOW TERYINATZID
The comput2ar ~T2asulcs are shown in  Appendix A
interprezation of tas detsrmiazat, inverse and 2igsnvalues

are straigh=<forward, The PHI(st ma%trix is a combination of
the naumera*dr coeffizients and characteristic polynomial.

.

The results can be interprat=d 3s

22




T . o
Fr

$s) = —-zoo-;

52-205501.5

and, sialarily,

matrix is

ths fifth tzrm of +tha state <transizion

' $(t) = -0.067exp(2.82t) +1.072xp (~1.82t) -2.26x10-6exp (t)

23




C. PARTIAL FRACTION EXPANSION PROGRAM (PRFEXP)
PRFEXP can calculate a partial fraction expansion given

a rational ratio of two polynomials in thz form

) = K -S-S:-- (3.c-1

dhere K = the input function gain,
a cornstant

G(

("]

N (s)
and D(s)

M, *+ nys ¢ nys2 ¢+ ... + st
i, + 4;s ¢+ &s2 + ... + s’

The numerator ard denominator =:sozfficien*s must be arranged
so that the coefficiants of s and s are each unity wi+h
P >4 2 0. The outpuats of th2 program acs

(1) the numerator gain

[ae

(2) the numerztor polynomial and i+s Socts, Toots are

considered equal if th

ir real 211 imaginacy par<s

do rnot differ by more taan 0.00S5.

W
s
fo 1)
je
ot
n
H
o
(0]
ct
n

(3) <he denominatar polynomial mult iple
roo*ts arte lis+ed once, 1lcng with its mul+iplicity

(4) the numerator <cc2fficiznts (resiiue ma+<rix) acs
lis*ed in tha same ord=r as +he 32nominatdor -20ts;
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DENOMINATOR COEPPICIENTS - IN ASCENDING POWERS OF S
2.50E+00 1.,00E+00 0.0 3.00E+00 1.00E+00
DENOMINATOR ROOTS ARE
REAL PART IMAS. PART MOULTIPLICITY
-9, 128E-01 J.0 1
4.658E-01-8.308E~)1 1
4.658E-01 8.308E-~0 1 1
RESIDUE MATRIX - REAL PART
3.813438
3. 17E=01
4, 36E-01
4, 36E-01
RESIDUE MATRIX - IMAS. PART
DI%EREs
0.0
2. C6E+00
"2. 06E+OO
THIS CONCLUDES THE PARTIAL FRACTION EXPANSION PROGRAM
(PRFEXP).

DO YOU WANT TO RIN THE PROGRAM AGAIN?

ANALYSIS IS COMPLETE. DO YOJ WANT TO RUN LINCON AGAIN?

LINCON IS NOW TERMINATLED.
The resul*s are shown In App2salix B. Interpretation of

these resulzts arce:

s~5.81+750 $s-0.32 3~-0.44-52.06 s=-0.44+352.06

G(S) = ==c====l== 4 som==vce § c—e—-——iaca-- $ mmmmrecicemea

s+3.02 5¢9.13 5-0.47+50.83 s-0.47-30.83
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D. POLYNOMIAL ROOTS PROGRAM (KIITS)
ROOTS can calculate the roots of a2 polynomial of degree

less than or equal t> eight. 3iv2n a pclynomial in the form

the coefficient of s¥ npust be unity. The program oa<=put

lists the polynomial coefficiants for refersnce and thz real
and imaginary roots.

. Terminali Sassion Examp

=
Ho

The followiny polynomial is to be factored:

P(s) = ~5s83 ¢+ 1552 - 25,55 + 4

Putting “he polynomi2l ip the -a23uirsd fora yields

2(s) = s3 - 3s2 ¢+ 5,15 - 0.8

iircon

EXTCUTION BEGINS...

LINCON CONSISTS OF IHE FOLLOWIVG SUBPROGRAMS:
BASIC MATRIX MANIPULATION - <CEASMAT>
RATIONAL TIME RESPONSE - KRI'RESP>
STATE VARIABLE PEEDBAZK - <STIVAR>
CONTROLIABILITY AND OBSERVABILITY - <OBSCON>
LUZNBERGER OBSERVER ~ <LUEN>
OPTIMAL CONTROL/XALMAN PILISRS = <RICATI>
DISCRETE TIME KALMAN FILTER ~ <KALMAND>
OPTIMAL CONTROL - <OPILCON>
PARTIAL FPRACTION 2 XPANSION - <PRFEXP>
ROOTS OF A POLYNJDYIAL ~ <RJJPS>

TC USE ONE OF THE SJBPROSRAMS ENTER THE NAME BETWEEN THE

SYHBOLS < >.

ICcc*s
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B83R2e" LefS"Rul SRVBLBHE 3°83cRE.» FOLTNOMIAL OF
FIRST ENTER THE PROBLEM IDENTIFICATION
(NOT TO EXCEED 2) CHARACTERS).

thesis example
ENTER THE ORDER JF THE SYSTEM (UP TO 8).

3
ROOTS OF A POLYNJOYIAL
ENTER THE POLYNOMI AL COEFFIZIENTS IN ASCENDING
ORDER OF S.
**{ARNI NG--THE HI3HEST ORDER COEPFICIENT MUST BE UNITY.*
COEFF(1)=
.8
COEFP(2)=
5.1
COEPP(3)=
, COEPP(4)=
POLYNOMIAL COEFFICIENTS - IY¥ ASCENDIN3 POWERS OF S
8.00E-01 5.10E+00  3.39E+00 1.0JE+00
THE ROOTS ARE REAL PART IMAG, PART
~1.412¢00 ~1.622+))
-1.41E+00 -1.62E+00
-1.74E-01 0.0
THIS CONCLUDES THE POLYNOMIAL ROOTS PRIGRANM.

DC YOU WANT TO RUN THE PRIOSRAM AGAIN?
ANALYSIS IS COHMPLETE. DO YOUJ WANT TO RUN LINCON AGAIN?

LINCON IS NOW_TERMINATLED. | . .
The results shown ia apoerndizx ¢C are sasily

interpretsd.
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E. RATIONAL TIME RESPONSE PROGRAM (RTRESP)

The +*ime respons2 in clos=2d form c¢f a 1linear conzrol
system described by Egs. (3.a-1), (3.4-2) and (3.1-3) is
calculated by this progranm. The user amust define <+he
initial conditions x(2) 2and tae ra+tional Laplace transfora
of the scalar forsing functisn r(*). The “heoretical
concepts inwlved in the develdpment of ths computer codes
are described by Melsa [ 1].

1.

-4

Input Restrictions And Limitatiors
Enter the following ia F format (floating point):
1) the elements of th2 plant matrix A
2) +hes control vestor b
3) +he ocutput vector g
4) <+he feed backback cozfficent vestor k
5) *he contrcliler galia X
and

6) the initial conditions vec+or x(0).
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The rational Laplace transform of the input func+tion

must be in th2 fora

OZ’ (r(t) ] = R(S) = G s (3. E~-1)
D (3)

where 5 = the input function gain,
a constant

N(s) = 0, # n,S ¢ n352 + .., *+ st

and D(s) = 4, + d,s ¢ 4;82 + ... + s

H The numerator and 3enomirnator coefficients must be arranged

% r

so that the coefficiants of s and s’ ar2 each unity with
P>4gq 2 0. Due to programminy limi*ations i< is necessary
tha* the order cf th2 system plus the dimension of D(s) be
iess than or equal =3 ten.

Upon snteriny the inpuat function gain, the user nex+
has *he op=ion *o0 =2n%er “hz n1umara%or and denominatdz in
ei+ker polynomial c¢o2ffizient form cr €fastored root form.
With the factored -oot form 2nt:zr thke zeal pact of the roct

] as rega+ive if i i2s in 4hz l=2f+ half plane and jus: +he

magni+ude of +*he imaginacry parct.

| 2. Tezminal Ssssioqn Ixampl:
This sectiosn ceon<aias a t2rainal sessicon foct 3
specific sxample. Coamards 2nt3rz4 by *he user are in lower

case. The RTR3ISP program will 3dstermine the “ime response

form 0% the closed-1oop sys<aa

31
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=
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RTRESP DBTERH%NES THE TIME RESPONSE OF A LINEAR
FEEDBACK CONTROL SYSTEM, THIS PROGRAM WILL GIVE A
CLOSED-FORM PRE3SION FOR THE TIME RESPONSE. -
FIRST ENTER THE PROBLEM IDENTIFICATION

(NOT TO EXCEED 23 CHARACTERS).

ENTER THE ORDER JF THE SYSTEM (UP TO 8).

ENTER THE ELEMENIS OF THE PLANT MATRIX--A.
A, )=
1.3

A(1, )=
0.9 (1, 2)

O.OA(1'3) =

A(2, )=
0.0 (2, 1)

A(2,2) =
_2.0( )

1.03(2'3’8

3, M=
o.oA‘ M

3,2)=
-O_g( e 2)
A(3,3) =
1.0 (3,3
THE A MATRIX (PLANT YATRIX)
1. 00E+0C Q.2 2.2
0.8 -2-00FE+30 1.30E+QQ
0. -5.90E-01 1.30E+00
DO YCU WANT TO CHANGE ANY EZLEMENT (S) OF THE MATRIX?

QO
(o] ]

3 ]

ENTER THE ELZMENTS OF THE ZONTROL VECTOR--B.

(1Y =
0.0 M
3() =
0.0 (<)
B(3
1,000
THE B MATRIX (CONTROL VECTIR)
1.0
0.0
1. COE+GO

D0 YOU WANT 70 CHANGE ANY ELEMENT(S) OF THE MATRIX?
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e f

ENTER THE ELEMENTS OF THE J0TPUT VECTOR~-C.

1.0C(1’:

O.RC(z)s

C(3) =
1.0 o)

THE C MATRIX (OUTPUT VECTOR)
1. QQE+Q0Q
i 80893
1. 00E+00

DO YOU WANT TO CHANGE ANY ELEMENT(S) OF THE MATRIX? H
%gggR THE ELEMENTS OF THE FEEDBACK COEFFICIZNT VECTOR =~~-
FDBG (1) =

1.0 (

FDBG (2) =
1.0 (’

FDBG (3) =
0.0 3

THE FZEDBACK COEFFICIENT VECTOR

1. 00E+00
1. COE+ Q0

-

DO YOU WANT TO CHANGE ANY ELZMENT (S) Of THE VECTOR?

.

°SNTER THE CONTROLLER FAIN--K.

. o

THE CONTKROLLER SAIN
3.20E+00
DO YOU WANT TO CHANGE THE VALUE OF THE GAIN?
%%8;3 THE ELZMENTS OF THE INITIAL CONDITICONS VECTOR ~--

X0 (1) =
0.0 0N

X0 (2) =
J.0 0

X0 (3) =
.0 (3)
INITTIAL CONDITIONS VECTOR-~X (D)
Q.0
0.0
9.0
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ZNTER THE MAGNITIDE OF THE IMAGINARY RJOT.
NUMERATOR POLYNDMIAL OF R(S)-ASCENDINS

DC YOU WANT TO CHANGE ANY ELEMENT(S)
DO YOU WANT TO CHANGE THE VALUE OF THE GAIN?

ENTER THE REAL PART OF THE

THE INPUS FUNCIION GAIN =
5.0 E"O"
-1.0

ENTER THE
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COEFFI
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P A

DENOMINATOR POLYNOMIAL OP R(S) =~ ASCENDING POWERS JPFP S

DENOMINATOR ROQIS ARE
REAL PART IMAS, PART
1. 41E+00 0.)
-1. 41E+00 0.9

ot ok ofe sk Aeake aele ofesie 3 ook e o8 e e ol ode ek e ool ke o K e e R i ok e ok ek Aok ok K ok ok K ok ke ok dkokok kkok

THE TIME RESPONSE OF THE STATE X(T)
THE VECTOR COEFFICIENT OF EXP(-5.0E-01) T*COS(1.2E+00) T

0.0 -3.70E-01 -9.72E-01
THE VECTOR COEPPICIENT OF EXP (-5.0E-01) T*SIN(1.2E+0Q) T
0.0 -3.47E-01 -7.50E-02
THE VECTOR COEFFICIENT OF EXP( 1.00E+00)T
0.0 0.2 2.38E~06
THE VECTOR COEPFICIENT OF RXP( 1.41E+00)7T
0.0 2.678-01 9.12E-01
THE VECTOR COEFFICIENT JF EXP( -1.41E+00) 7T
0.0 1.038-01 5.J0E-02

2 sk e e o e e el o ol ok e e e g ki i ke e ok ok k ok ki de ok ek kR ok ke ke ok ok k kR ok ke KXkk
THE TIME RESPINSE OF THE J0TPUT Y (T)
THE COEPFICIENT JF BXP( -35.003E-01)T*CT2S( 1.20E+00) T
=1. 12E+00
THE COEFFICIENT JDF EXP( ~5.00E-01)T*SIN( 1.Z20E+00) T
-2. WE=-01
THE COEFFICIEZNT JDF EXP( 1.00E+00)T
2. 68E-06
THE COEPFICIENT OJOF EXP( 1.41E+00)T
1. 022+00
COEFFICIENT JDF EXP( -1.41E+00)7T
1. 01E-01

B ok ok A ok e ko ook ok ook ok ok ok o ek o ok ol ok o ok e ok kR ok ok ok kkok Rokok
3§%§E§g$CLUDES THE RAIIONAL TIME XESFONSZ PROGRAM
9

ANALYSIS IS COMPLEZTE. DO YJU WANT TO RUN LINCON ASAINTY

r3
o
<7}

LINCON IS NOW TERWINATED.
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IV. MODERN CONIROL BROGRAYS

A, INTRODUCTION

In this chapter six prograams are presented and discussed
wvhich may be used £for the anz2lysis and design of control
systeams.

The first, O0BSCON, is asz3d o find the observability
irdex and centrollability of 2 system. Th2 next “wo programs
are used +o design falman filtars. RICATI and KALKAN can
fird the feedback ani control 3Jains necessary t¢ op+imiza 3
furc+ion for eithar continudus or discrate syst ems,
respec*ively. The l25t thres programs may be used +o dszsign

optimal linear contrs>l systems. STVAR is particularly us2ful

in <tha design of liiear stac2 variabls feedback conzzel

[{U

sys+enms. It may 22 used =5 calculacz

Q

[(}]

both c¢pen- aznd
cicsed~loop *ransfzr functions 2nd also has the ability 4o
design a closeu~loop system £from desirsz: t-ansfzr func=ion
specifications. LUZN is uszd =zo design a combined,
reduced-order, obssrver~contrall2r <2 achieve a dzsirzeid
cics2d~-loop transfar funstion {rsm a <ys<3m where soms Of
the states are inaccasible. OJPTTON will minimize 2 3iven

ccs% furncticn produciag & scalar con+rol.
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B. OBSERVABILTIY INDEX AND CONTROLLABILITY PROGRAM

This

index and
X(t)
Y(t)

where

1
]

Ic
]

[
L]

o
"

>bservabili:ty

such *hat

program is used t> determine the

centrollability of “hz linear systenm

{]
(1
(1]
——
ot
-~

+ Bu(v)

i
[(e]
1]
—
5

state vec+sr (n-3iima2nsicnal vector)
centrol vector (l-4dimsnsional vezior)
outpu+ vector (m-dimznsional vector)

n X n m

H
'
<

s

x 1 maccoix

8}

m x n matrix

iad=sx I3 defined as

h2 ma<rix

T
Fced Creeer,(d )r-1C]
has rark n. The above systza is said <c b2
a given initial tia2 if It s pessible,
39
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(4. B=1)

(4. 8-2)
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unconstraired control vector, to force the system £rom ar
initial state of x(0) to soms other stat2 in a finite <time
in+erval [ 4].

If the user desires just the obsarvability dindex to be

calculated, enter tha B matrix i3s a zero matrix. Likewise,

if just the controllability 2f ta=2 system is desired, =znter
the C matrix as 31 zerd> matrix. The unobservabpbls or

uncontrollaltle system respons2 is then of =durse Ignorel.

Other than tha lini%acziors ts ~he pcoblenm
identification, (22 characters) and system size (8x8) thers

are no restrictions *o OBSCON,. A remiader there may be

heZpful, however. Remember t> =nter vour elements o>f <the
ma<ricas in F formaz,

2. Tepmpnal Sssszon Exampl:

)

This section contains 2 session £or a sp2¢cific
problen. Commands 21+ersd 9y <h2 user ars iz lower CTase.

The following systam 1s *2 be tzs%tad:

0.0 1.0 0.0 2.0 1.9"
x(%) = -1.0 =Q.5 1.0 x(%) ¢ 0.0 1.0 u(%)
0.0 3923 1.3 0.3 0.9
[N ] [N |
%)
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THE A HATRSX 6PLAgT MATRIX)

0.0 1. 00E«Q0
-1. 00E+00 -S5.00E~01 1. +QJ
0.0 0.0 QOOE*OO
DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?
n
5 ENTER THE NUMBER OF COLUMNS OF THE B MATRIX.
ENTER THE ELEMENTS OF THE B MATRIX.
B(l,N=
2.0
1.03(102)3
B(2,1) =
0.0 (2,1)
B(2,2) =
1.0°¢ 2
B(3,1) =
0.0 (3,1
B(3,2)=
0.0 (3,2)

THE B MATRIX
§:8°F+00  1: 80888

-

DO YOO WANT TO CHANGE ANY ELEMENT OF IHE MATRIX?

SNTER THE NUMBER JF QJ0TPUTS.

c(1, =
o (

-~ 1 =
1.0C(‘-')
C(2,2) =
0 (
C(, =
C(3,h =
0( )
C(3,2)=

OC(3,3) =




THE C MATRIX
1.00E+Q00 0.0

0 1.00E+¢00 0.0

0 1.00E+00 0.0

DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?

OBSERVABILITY INDEX = 2

THE SYSTEM (A,B) IS OUNCONTROLLABLE

sk o ok ek ek e ol ok ok ok e ok gk ook kol ek ook ok ok R ok ok ok ok ok K K KRk Rk kK
DO YOU WANT TO RJIN OBSCON ASAIN?

n
THIS CONCLUDES THE OBSERVABILITY INDEX/CONTROLLABILITY
PROGRAM (OBSCON)

NALYSI

LYSIS IS COMPLETE. DG YOJ WANT TO RUN LINCON AGAIN?

[

LINCON IS NOW TERMINAT ED.
The complets results przsanted in Appendix E should

be self-explanatory t> the ussar,

43




C. OPTIMAL CONTROL/KALMAN FILTER PROGRAM (RICATI)

The transient solu+ion, matrix gains, to +the Ricca+l
differsntial equatid>as for th2 state-regulator controller
and the continucus ZXalman filtsr are calculated by the

RICATI program.

'I
ot
t= 2
ot
o
[1H]

Given a state-rzgulator problem i lirear,time~

irvariant systenm

Ine
——
F
"
"

Ax (t) ¢ Ba (%) (4.c-1)

T(t) = Cx(*) (4.c=2)

the Riccati equa*ion is defin2d as

-

L) T
B(z) = ~B(t)A-2 P(t)+2(%)BR-1B 2(%)-Q (4. C=3)
with P (to) as ths bourndary csaiiciorn. If u(®) is not
corstrained, a gain ra*zix can bs found such that ths cost
furction
Ly
I=1/720 %7 (£ )R (54 E(tg) 1172 (2T (21 QX (%) +u” (t) Bu(z) J&% (8. C-8)
to

fired as

W

is minimized [ 5]« Sach 3 gain nazwzix is 3

G (t) = R-1BB(%) (4. 2-5)




.

g(t) = -G . (t)e(t)

(4. C-6)

The transient solutiosn is solvel by “he computer. Notz that

the output from the computer £3r the gain matrix does not
inciude the negative sign of th2 feedback loop.
Given a continous Kalman filtsr problea with the lirear,

time-invariant systenm

X(t) = AX(t) + By (t) (4. C=7)

() = Cx(t) + v(®) (4. C-8)

whers w(t), the raadsm process forcing inputr and ¥(¢), <*he

measurement noise, have covariaicz matrices of R, the random

inpu* covariarce matrix, anl 3, the msasurement noise

covariance mtrix, respectfully, <+the Riccati equation is

defiped as

= - - - X hl
P(t) = AB(£)+B(%)A +B2B -B(t)C &-1CE (%) (4.C-9)
wi=h
A - A - <

B(%) = E((X(t,)-% 1 Kk (“e)-X ]} (4.2-10)
as <he initial coniitior pouniacy. The gain matzix Zound Iis
defined as

§4(f) = R-1CP (%) (4.2-19)




1.

Terminal Ssssion Exampl:

This section contains

a1 session

example presented by Melsa [ 1].

user are in lower casa. Given th2

for the

specific

Coamands entered by the

sacond order linear system

2 ) ‘1.0 0.0 o 1.0 0" 0
= X Q
X 0.5 0.0 X! 2.0 1.0 2
[N 3 [ P
“ w0 0.0
(L) = X (%)

0.0 2.0 ~

determine the optimal transiean<

gairns

ko
W

Foo +h

<ime of 10.0 is us=d. For th

of C.0

for
- 1.0  1.2"
=
g 1.0 1.
L )}
- . '
_R_ =
0. L ]
L 1

respense zontrol and fil%er

e control op=ion an initial <ime 2f 0.0 and 3 €final

e
=

w

ilzer option an irnistial =ime

and a final zine of 5.0 is used. Also, for the fil+=zr

op=ion, *the ini+ial condition n2t-ix is chosen to be
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1.
! G.
a.

T

n

o.

0.

1.
0

10

9.

C.

wt

1
Q

ENTER THE ELEMENIS OF THE DISTRIBUTION MATRIX--B.
03(1.138

B(1,2)=
0 (1,2}
03(2.1)=
B(2,2} =
0 (2,2)
THE B MATRIX (DISTRIBUTION MATRIX)
.Q0E+00 0.0
20 1. 00E+00
DO YOU WANT TO CIANGE aNY ELEMENT OF TFHE MATRIX?
ENTER THE NUMBER )F OBSERVA3LE OUTPUTS.

ENTER THE ELEMENIS OF THE MEASUREMENT
OC(1'“=

MATRIX~--C.

1,2)=
0C( 2)

C(2, )=
0 2.1

C(2, =
2.0 (2,2)

THE C MATRIX (MZASUREMENT MATRIX)

QO0E+0 2.9
Y] 0 2.00E+00

DO YOO WANT TO CIANGE ANY ELEMENT OF THRE MATRIX?

(1) ODLVING STATE-REGULATOR
VING A CONTINUOUS K3 LMAN

ENTER THE

03(1.‘)=

(1,2) =
o 2

ELEZMENTS OF THE CONTROL WEIGSHTING MATRIX--R.

OR(Z,1)=
OR(2.2)=

13




[

-t 4

—————

THE R MATRIX (CONTROL WEIGITING MATRIX)

1.J0E+00 Q.0
0.0 2. 00E+00

DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?

ENTER THE ELEMENIS OF THE STATE WEIGHTING MATRIX--Q.

1,1)=
1.00( K

1.00(112)=

SN =
1.OQ(2 '

1'00(2-2)3

THE Q MATRIX (STATE WEIGHTING MATRIX)

1.00E+00 1.0Q0E+)0
1.00Z+00 1.00E+J0

DO YOU WANT TO CHANGE ANY ZLEMENT OF THE MATRIX?

OENTER THE INITIAL TIME FOR THE TRANSIENT RESPONSE.

10 gNTER THE FINAL PIME FOR THE TRANSIENT RESPONSE. .
ENTER THE NUMBER OTF SDINTS DJF THE TRANSIENT RESPONSE
10 TO BE PRINTED. (<10))

deae ok e e e ok ke o deokok ok K Kok kk

*xx CONTROL OPTION ¥x%
dok ke Rk ok ok ok R Rk Rk xRk Rk

ENTER THE ZLEMENTS OF THE TERMINAL BOUNDARY VALUE

MATRIX~--P.

P(1,1) =
0.0 (1,0

D(1,2) =
4.9 (%, 2)

2(2,1) =
0.2 (2 M

P(2,2) =
0.0 (2.2)

THE P MATRIX (TSR MINAL BJOUNDARY VALUE MATRIX)
9.9 0.0
3.9 0.0

20 YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?

4g




.

1.000E+01
9.000E+J)
8.000E+0D
7.000E+02
6. 000E+0)

TRANSIENT SOLOTION
0.0

4
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et g

0.0

10

DO YOU WANT THE FILTER QPTION?

WILL THERE BE CHANGES TO THE A, B, OR T MATRICES?
WILL THERE BE CHANGES TO THE R OR Q MATRICES?
ENTER THE INITIAL TIME FOR THE TRANSIENT RESPONSE.

ENTER THE FINAL TIME FOR THE TRANSIENT RESPONSE.

i

%q %HE NUMBER OF POINTS J)F THE TRANSIENT RESPONSE TO
E

TER
PRINTED. (<109

I

Ak hpk kR nkkk ik kkk

**% PTILTER OPTION *%%
L L 22 R 22 2222 L 3 %2
ENTER THE ELEMENIS OF THE IVITIAL BOUNDARY VALUE

MATRIX--P.
PO, M=

0.0

P(1,2)=

OQO

0-

Q

e N =
OP(Z )

THE P MATRIX (INLITIAL BOJNDARY VALUE MATRIX)
Q
0

.O
.0
DO YOU WAN

.
3 OO W

TO CHANGE ANY ELZMZNT OF THE MATRIX?

TRANSIENT SOLUTION

TIME = 0.0
GAINS

0.9 0.9

0.0 0.0

N
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T T ———
TIME = .000E+00
GAINS
2.78E-01 2.13E-21
8.53E-01 7.06E-01
TIME = « 500E+00
GAINS
2.79E-07 2.13E-01
8.53E-01 7.06E-01
TIME = 3.000E+0Q0
GAINS
2.79E-01 %.13E-31
8.53E-01 « 06E-(1
TIME = 3.S500E+¢0)
GRINS
2.79E-01 2.13E-01
8.53E-01 7.06E-01
TIME = «000E+Q)
GAINS
2.79E-01 13E-21
8.53E-01 7.06E-01
TIME = 4,500E+Q0
GAINS
2.79E-01 2.13E-0
8.538-01 7.06E-01
TIME = 5.000E+0Q)
GAINS
2.79E-01 2.13E-01
8.53E=-01 7.06E-J1

A2k e 2k Ao oie ek ek e ook ok Kok KRk kK Kk Kk ki ok Kk Kok ok ok ke ok ok ek i ok ok R oKk K K ok K Rk KKk

DO YOU WANT THE CONTROL OPTION?

THIS CONCLUDES THE RICCATI ZQUATION PROGRAM (RICATI).
ANALYSIS IS COMPLETZ. DO YJJ WANT TO RUN LINCON AGAIN?

LINCON IS NCW TERMINATED.
a

The computar =ces
Arpendix F indicates that a

beenr achizved.

presentsd in

ma<rix has




D. DISCRETE TIME KALMAN FILTER (KALMAN)

The discrete Kalman filtzr gain matrix, G(k), is
calculated by this progran. The thsoretical concepts
invcived 4{irn <the dsvelopment 2f +he computser codes are
described by Sage [ 5). A briaf development of the discrete
Kalman filter is iacluded h2arz as an aid In +the use of
KALMAN. Additional ra2feronce materials can bes found in the

bibliography.

Kalman filtering is 1 nethod of obtaining
rinizum-variance estimates 34 signais from noisy
measurement s, The liscrzte Kilmarn filesr provides state

estima*es for the £ollowicg sys-am
x(x) = Bx(k-1)+du (k-1 +Lu(x-1 (4.D-1)

with the discrete linsar observations

z(k) = Hx(k)+g (k) (4.D-2)
whetTe
X = *he nx1 state vacter a3t =hz time (k)

the nxn nonsinguiar state tcansition matrix

i3 »o
"

*he nxr dis+urbacze zransitiasen or distribusior amztrix

33




r T e T T T T —

8 = the nxp control i1istributisa matrix

e
]

the rx1 disturbaace of systzm random input vector

]
M

= the mx1 measuramesnt va2ctor

B = *he mx1 measuramsnt or obsarvation vectosr

la
[}

the mx1 mzasursment rdise vactor
8 = the px1 control or test signal vecto:
k = the discrete-tim2 indzx (k = 0,1,...)

The optimal filt2red estiaata of x(k), ienotad

A . . . :
x(klk), is given by the recursivs relations

T(xfk~1) = &x(x-1]k-1 +%g(k-h (4.D-3)
and
k| = 2(klk-1 ¢ 3(k){z 00 -8B (k| k-1) ] (4. D=0)
|
; for k = 0,1,..., wherz x(0,0) = 0. The Kalman gain matrix,
G(k), is arn nxm matrix which is specifizd as
. T T
G(k)=P (k]k-MH (HR(k|<=1)8 +B(k) J-1 (4.D~9%)
B(kfk) = (I-G(K)BIR(k|k~1 (4. 2-6)
T
Pikik=1) = @p(k-1]x-1 & +3(k,k-1) (4.D=7)
where

4




. {

A

i N
I = the nxn identity natrix
P(0]0) = P(0). *ke initial condition matrix
i(klk-1) = +he singls-s+tage pr2iictior of x(k)
i(klk) = the filterel es<timats >f X (k)
T 7 : .
Q= Eﬁ(!(k)!(k) i, the nxn covariance matrix of the
cardomr Inpat
R = the mxn covariancz matrix of the measur2ment noise
E{!(k)!(k)f}, the 3zean~-square magritude of the per+urbatiorn
acceleration matrig
1. Input Reguirszaents
This projraiz somput2s *he recurrence £gs.
(4.D=5), (4. D=5) any (4.D-7) for a spacified numbsr of
iterations YP arnd prints 3(k) 2z 2 funczion of k.
The regquirsd ianputs ars
1) <he xransition ma¢trix (i)
2) <the distribution matcix (E)
3 (e (kre(k )
4) *=he observation matrix (H)
5) +he rnumber c¢f pcints *o be performed (NP)
and
5) =he iaitZal condi=isn mat:zix [RP(2]/0) ]
55
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? ELEMENTS OF THE TRANSITON MATRIX~--PHI

PHI(1,2)=
O.OPHI(2,1)=
PHI(2,2)=

t -

THE PHI MATRIX (TRANSITIDN MATRIX)

§:§0E*00  3-83E384

DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?

)8

, PENTER THE DINENSION OF THE RANDOM INPUT VECTOR.
ENTER THE ELEMENTS OF THE DISTRIBUTION MATRIX--GAMMA.

12%“““ L) =

g GAMEA(2,1)=
THE GAMMA MATRIX (DISTRIBUTION MATRIK)
1.258-91 ’
1. 835-01

DO YOU WANT TO CHANGE ANY ELZMENT OF THE MATRIX?

-

E ) ENTER THE ZLEMENPS OF THZ MEAN-SQUARE MAGNITYUDE OF THE
, PERTURBATION ACCEZELERAIION MATRIX--W.
. 0
1
| THE W MATRIX (MEEN‘SRUARE YAGNITUDE JF THE
! PERTOR BATION ACTZEZ LERATION MATRIX)
4.002+00
DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?
1 ENTER THE NUMBER JOF OUTPUIS.
ENTER THE ELEMENTS OF THE OBSERVATION MATRIX--H.
1. H(1, N =
0. H(1,2)=

THE d MATRIX (OBS ERVATION 1ATRIX)
1.00E+00 0.0

57
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DO YOU WANT TO CHANGE ANY ELEMENT OFP THE MATRIX?

n
ENTER THE ELEMENTS OF THE MEASUREMENT NOISE COVARIANC:E
MATRIX--R.
5. R(1, =
THE R MATRIX (MEASUREMENT NJDISE COVARIANCE MATRIX)
S.00E+Q00
DO YQU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?
n
EN T%g gﬂf NUMBER JDF THE PJOINTS TO BE PERFORMED.
20
ENTER THE ELEMENIS OF THE INITIAL CONDITION MATRIX--P.
P(1,1
1000} )=
P(1,2) =
0. P(2,1 =
P(2,2
1000f )=
THE P MATRIX (INITIAL CONDITION MATRIX)
1. J0E+0 3 0 g
0. «JIE+(3
DO YOU WANT TO CHANGE ANY ZLZEZMENT OF THE MATRIX?
he}
K = 0
GAINS
9.95E-01 0.9
£ = 1
GAINS
3.81E-01 1.92E8+00
K = 2
GAINS
3.298=Q1 3.93E-91
K = 3
GAINS
7.93E-01 6.242-01
K = 4
GAINS
6.,13E-01 4.52E-01




GAINS
4.87E-01

K= M
GAINS
4.86E-01

K= 12

3.35E-01

3‘ 233-01

3.2%e-01

3.2)E-01

3.21E-01

3.21E-01

3.21E-01

3.21E-01

3.212-01

3.212-01

3.21E-01

3.21g-01

U

O




-y

K= 19

GAINS

4.86E-~01 3.21E-01
K= 20

GAINS

4.86E-01 3.21E-01

THIS CONCLUDES THE DISCRETE XALMAN FILTER PROGRANM

(KALMAN).

ANALYSIS IS COMPLETE. DO YOJ WANT TO RUN LINCON

LINCON IS NOW TERMINATED.

The computar results ar2 presented in Apperdix 5.




E. STATE VARIABLE FEEDBACK PROGRAM (STVAR)

Given the linear time~irvariant systen

X() = AX(t) + bu(®)
aet) = Koo(t) - K (%))
yt) = g x(t)

the following can be performsi by STVAR

(4. E=1)

(4. E=2)

{4. E.3)

{1) calculation >f +he plan: *ranfer function, Y(s)/U(s)

(2) by defiring 31 fictizisus ¢ wvectdr the i

nt2rnal

transfer function can bz calcula+23i, X; (s)/U(s); for

example, 1if X,(s)/U(s) is desir=3i the ¢ matrix is

selected wita ¢35 = 1 anl all other ¢ element

s 3quail

to zero; or if X, (s)/%;(s) is dssired, calculate

X, (s} /0 (s) and X3(s)/U(s) and diviie <he two

(3) calculation J9f the <¢cl>sed-loop “ransfer function,

Y(s)/R (s)

{4) calcula+ion 3£ the fs2edback transfer functiorn,

HQ‘ (s)

(5) for a desiz23 closed-lsop +trarnsfa2r furnction, the
controller jainr and feedback coefficients in
addision *o H.$(s) zan be =zalculated; *he




feedforwvard 3ain is s2la2cted so that a zero st eady
state error ra2sults fror a step input; the designer
who wishes other conditions must rescale the gain
and feedback co2fficisnts aporopriately; for
exanmple, if it is desir2d4 to hava K = 1.0 but it is
calculated as K = 2.0 w#ith feedback coefficients of
k =0.5 k =0.02and k = 1.5, the procedurs *o

mod ify +he r2sults woull be

2'0
kK = ~==-- [0.5 0.0 1.5
1.0 [ ]

={1.3 0.0 3.2]

All of +he information nscassary for the user %fo solve

tn

tate variable feedback problzms is prssent2d in *his
sec*ion. However, ta2 theoretizal concepts involved in <*he
development of <the computer :c3ds3s are Zfully describad Dby
Belsa [ 7]

The basic input <contaias <th2 problem identification,
marrices } and b and the ordar >f the plart, =1n. Thesz four
inputs are required ragaciless >¢ wha* op2n- or closed-loop
calculatisons are t2> b2 maje.

At this point STVAR varifiss +he contrallability of <he
systzm. Th-ee ccntrollabilicy coadicticns aca possible

(1) complate controllabili=-y
52




e

(2) numerically ancontrollable
and
{(3) uncentrollability

Contollability arises when "he controllability matroix

E=10[ b Ab A%b ... A"-1D] (4. E2-4)

is nomsingular, i.2., 13etpg # 0. Even if ths matrix is
nonsingular problems may ariss if it is difficult *o inver<.
To check this STVAR maltiplies the matrix by its calculated
ipverse, The result should b2 the identity matrix. The
actual matrix product 1is compar2d4 with tha identity matrix
to provide a2 measur2 of uncontrollability., If +he maximum
value »5f Adeviation is not negligible, “he plant is
identified as numeriza1lly uncontrollable, 4 deviation larger
<har 10-3 ¢ 10-5 has besn o121 o indicate difficulty by
Melsa [ 1].

User beware: If *he syst2m 1is identified as bzing
upcontroliable, all spen- ani <=closed~loop calculatiosns are
still performed!

There are three possible <closed-loop options available,

sign

ore for analysis purposes osnly and <he othzr :wo for 1

m

purposes. After chodsing “hes aialysis option, and supplying

STVAR with *he fe=2iforward gain K and fza2iback coeffizient
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matrix k, the program calculates the closed-1loop

characteristic polyaomial an} the numerzator of the
equivalent feedback transfer fuanction,

The ¢two design options are used t> calculate the
controller qgain and the feedback coefficients necessary for
a desired cleocsed-loop <characteristic polynomial. The
polynomial may be =2nterad :in either polynomial form or
factored fornm.

t. Termipal Ssssiorn Exampl

he

This section cecntains a thiz drder system for
analysis by STVAR as present2d by Melsa | 1]. The state

variable r~epresentation of tha plant is given by

For the open-loop <casz, it is dssired +o £ind <+he
internal transfer func4ion X (3)/0(s) and the piant “ransfer
furction Y(s)/U(s). A ficticious ma+rix, nrnecassary t2 £ind

the in%ernal transfesr function, i3 *hen

¢ = (2.0 0.0 1.9]
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closed-loop

a

giva

requir2l ¢to

= —--g.(gtz).-- -

cocefficients
R(s) s3+is2+6s5+4

1(s)

dback

In addition, find ths values of the feedforward gain and the

transfer function of
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rr};*"”F——“~‘ S ——————

A(3,2) =
A(3,3)=
THE A FTRIX (PLANT ¥ATRIX
S BBEREE GGUHNEL30TRERY
0.0 0.2 1.J0E+00
{ 0.0 -3.00E+00 9.)
DO YOU WANT TO CHANGE ANY ELEMENT OF ITHE MATRIX?
‘ n
ENTER THE ELEMENIS OF THE CONTROL VECTOR--B.
| s B(W=
B(2) =
o B
B(3
,, B(3=
THE g 8ATRIX (CONTROL MATRIX)
0.0
1. 00E+00

DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?

ek ok ook ok ol ek 3 ok e ke ke ol ool ek ok dokok ok ol Kk K ok ke ok o ko ok ok R ok ok ok kK ok Kok ok Kk

OPEN-LOOP CALCULATIONS

DENOgINRTOR COEFPICIENTS -~ TN ASCENDIN
T 00E+00 3.00E+00 1.20E+03 1.

' ‘ THE ROOTS ARE REAL PART I¥A§§
. . 3

8UERS OF S

9.3 1.7
-1.008+00 0.0
DO YOU HAVE A FICTICIOUS JGTPUT VECTOR TO ENTER?

¥
g??FR THE ELEMENIS OF THE FICTICIOUS JUTPUT VECTOR--C.
=
0
c(2)=
s Cf
c(3) =
;. €O
THE 8 8ATRIK (FITTICIOUS J3JTPUT VECTOR)
3.0
1. 00E+00
DO YOU WANT TO CHANGE ANY ZLEMENT OF THE HATRIX?
n

NUMERATOR COEFFICIENTS - IV ASCENDING POWERS OF S
3.0 1.008+400 1.32=+00
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MATRIX?

IJUS MATRIX IO ENTER?
Sg - IN ASCENDING POWERS OF S

(OUT PUT VECTIR)

THE ROOTS ARE
Q??R THE ELEMENTS OF THE TRUE QUTPUT VECTOR--C.
=
TRIX
8E+50
QE+00

DO YOU WANT TO CHANGE ANY ELEMENT OF THE
THF ROOTS ARE

DO YOU HAVE ANJTHER FI

c(2)=
C()=

E
c

[T}

HOMO=
oot v
s 0L b
2 1y
Oz i)
S ololols]
g e M

P Mo
[ AN -Tel

0

HURO
HoH
e
EHE1?

ev  HHHH
nELE e
Mo W\ R
OO MEEe
oratial

JLATIONS

CLOSED-LJO0OP CAL

ERISTIC POLYNOMIAL
A VALUE OF ONZ.

Felt-tiz
nain
OZz0
w110
(O]18]
o
Qe
# O
L X114
# HHO
* 0
* N
(=127}
=m
2] 2 kel
AEHO |
E4OH
0 HIle
ha ~
1B L
[ iRl )
MZOQO
0 >0,

1.30E+00

POLY (2) =
POLY (3) =
POLY (4) =

e
LOO
Nyt
[31cp)
*OOh
[&.00o1s o]
- s
FIONN
i

e
nieoe
<t ¢
[a¥lcalchl

B il
< e
[s2TalTa)
s

THE ROOTS ARE

e’ s,
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. §

THE FEEDBACK COEP FICIENTS
5.00E-01 0.9 1.50E+00

THE GAIN = 2.000000E+00
THE CLOSED=LOJ)P CHARACTERISTIC POLYNONIAL -
IN ASCENDING POWERS J)F S
4,00E+00 6.00E+00 4.03E+00 1.00E+00
H 0 R R A AG.
THE ROOTS ARE _%f&og'ss 18.8 PART
'1-008’00 '1.003’00
.00E+230 1.00E+J9
MAXIMUM NORMALIZED ERROR = 0.0

DO YOU WANT TO RUN ANOTHER MODE IN STVAR?

n
THIS CONCLUDES THE STATE VARIABLE FEEDBACK PROGRAY
(STVAR) .
ANALYSIS IS COMPLETE. DO Y0J WANT TO RJUN LINCON AGATN?
o

LINCON IS NOW TERSINATED.
The computsr results f>r +“his problem <is pras=ated

in Appendix H. The <cpen-loop portion indicates that the
system is controllable, since +here is no irdication of
urwontrollabili<y, 4ith <+ha2 desired iaternal <cransfer

function of

Y (s) s+2

U (s) S3+s2+43s+3

e - - ----

The closed=-135p portion, using +he polyrncmial dz2sign

mode, shows <hzt +he f22dforward gain and <fe=dback

33




R o qrun ——
. T LY m_,

coefficient matrix ra2juired to yield the desired closed-loop

transfer function, Y(s)/R(s), arce

K= 2.0
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F. LUENBERGER OBS2ZRVER PROGRAM (LUEN)

When a particular :slos2i-loop transfer function is
desired and some of the states ar2 inaccessible, LUEN zan be
used to design a Lu2aberjer OJbsarver. For example, if g
measurements are state varlables, an observser of reduced
dimensions can be designzd ¢7 2stimate oSnly those states
which are not measur2d., TIhe stat= es*imates gesnera+=d by an
observer can be u sed is input Information > a
controller [ 8]. Th2 block 3jiagram pressanted in Fig., 4-1
represents the gen2ral form of tae system when a compensator

is placed in the f=223back path.

r(t)Jcontroller | u(t lant |x(t)Jmeasurement FANE2N

? y(£)

| observer — z(t)

Pig. 4.1. Lasnberger Observer Block Diagram
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The plant is characterized 5y the stat2 and measurament

equa+ions
X(t) = AE(t) + Bu(% (4. P=1)
z(t) =Cx(t) (4.P=2)
(4. F~3)

z' (%) c x(t)

An observer can b2 designed that generites an estimais ¥

which converges to the state x as time becomes large [ 91.

A linear controller is design21 is

a(t) =K[L(t) - kK x(t) ) (4. P-4
in which 21l s+atss can be m2asured. Replacing tha <rue
state with <*he estimate yields

T,

a(e) = Kl(t) - k y(©) ] (4. 7=5)
where

Kr(5) = By o+ gz (4. F=6)

. : h : T : o

As time increasas k y(*t) #ill aporoach k x(*). Siacs <he
reduced-orjer oodsacvar zstimit=s ornly

s*a*as, *ha con%trol law contains wmezsur

availanle and cbsecvar estimates £o- the other sta*ss.
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For ease in usiny LUEN, the £o5llowing are defined:

x (%) = n-elemant columa state vector
| u{t) = plant iaput
i z(t) = q-vectdor of systen measurements
f
z' (%) = output variable t> be controlled
A = plant 3atrix (n x n)
b = distribution matrix (g9 x m)
{assumptions: (1) 3 € n and (2) C has rank q]
o = output natrix
T (t) = forcing funztion
? , K = feedforward or ccatroller gain
k = feedback cozffizian% matrix(n x m)
h = observsr feadback coefficiant matrix
q = outpu* f2edoack coafficien= aatrix
and
y(*) = astima+2] state vactor of x(%).
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o f.

From theory, the obs2rver is dascribed by

Y(t) = By(t) + 3,2(%) + G,u(t) (4. F=T7)

where

P = observer eigenvalu2 matrix

and

G, and G, = observar gain matrices.

Z* (s) /R (s) can b2 solved by the following procedure:

(1) select Z*'(s)/R ({s) and solve fecr K and k by using <he
STVAR progran

(2) use *he 0B3 CON projram 0 calculata the
observability ind=sx; the observsr is designed <o
have a dim2asicn gr=ater “han or eguil <o +the
observability indax minus one.

(3) select the P eigznvaluzs; <hese should not 23ual
those 0f j, odrevidsusly =alculated by STVAR.

(4) use LOEN to =alculat2 G,, G,, h and g.

1. TIezmipal Szssion Exampl:

The 2xample 2reseazed hsrz is <aken f£rom Desjariins,

3]

pp. 147 [ 21. Commaads =2nt2rei by <*he ussr z2re in lowver

73




- (2] [&]
[ ] (s} ®
o, + o
- S~ o
[ud a -] (3]
L o
o - "~ -
[} o0 oo ot
71} 0 ¢ o [
- (1] o0 O
» n L - 0 Lal
[} Q A
'] 12 & 1 =
o ~ + ] (V] 1o e o
() 4+ - -4 1 eN w O A
[=] -~ mn +» s 1+ - n 4
m ord Fi) ~ 0 twn P o o~
¥ -] bt - Q »” L] 1o [+ O A
=} ¥ i + — [(Kal (L] vV ooz A
+ (] et 0 -~ - [0} |+ OA He 4
[} » r - 1] [.+] o o £ [N"] 143 t mE
<] + o0 OO @ . . Lol 0] Qe Ve R
=] LY [ ~— [¥] o O e} e MIA A i f
(a) [} L] QO o (=] =) + e~ DUMME & o
af - ~ [ 4 n '+ Nt et VvV M
et Fy [« 7] o o o O o tm mpi>l wn v
(3} o O e a P [s) (0] OIVER @)
m [ ¥] [ I ] [Taa} = oy o e d 1w -4 HINM A ¢
o 0 [ o= oOoN o ©» "+ HImVaEZH
0w o et ] . S 3} e TV SALIAMIA =
- (o] — o O c "rn 0= 1 EODOHEZO
[ ] o QO Q = . . o ] =0 [GIS | TS (e T ]
- o .« wn [0} (o B o 4 =1H vV LW
» (] = - Or . OFE )0 = by 2%
[} ko ] o [ 1] i gt Ot v et
o] o H o £ o © 9] 12Zm =z O
» o o co oo o . . ® DO QAATILN ¢
(4} s e se - o w ’ LALLM 2 O]
(Y] o0 OoOn 5 m . m n - Fabd NN et 0 3 0
@ c L4 - o 8] o [ IS o ZmMp, MmN\ =
=) [ @ - " m ~1n et 1A 0O
o [ -] [ H -~ OX MHNO OH
Q + - 1] + (SN n F -3 40 03 (05 4
" » ] ZNRNEMAOHEHQ
- a " [} ' HEHHAH  Zz e
7] [ @ ™ — [o) GSMTIBNOTON
)
@ <4 (4] +! » > 1 2 I L I Y
L hudt had - o 20 2 ORaplet g
(2} oMl - o aQ QUL LOBIMM=EIAG 44
<] 1] L (] 1] N OHHAHEHZTHOHE
+ -] [ 1] o & HEZNHaZ N0
= » [/} — 0O DOALEHOD MO
[ @ o = (8 Q (S S181 1 ALIS TS [Tl e N
@ a 1] < [ Q [= 3 5 1
0n - o 8] LY (] o e
@ [¢] ~ el [} = o) — 3
L Q » m [ 3] A
—— NSbiadenibins, el - N

74

.

i

e



T
R
E
c
(Up TO 8).

ITNOMIAL = <ROJTS>
% SUB%ROGR&HS BgTER THE NAME BETWEEN THE
A
]
E
ER G
H
E 2la
DENT
TERS

0
H
I N
A C
D v
o
B
T N
E R
THE ORDER JDF THE SYSTEM

OZyn R

Bl £l

QLOHUN -
I HE Lo
[ 2T~ T ] e
A Uty 0NO
PrE 10 mEn
MR ZQQ HaH
VEHRHUOUS ™)

>.

ENTER

<
ENTER THE ELEMENTS OF THE PLANT MATRIX--A

A(T, N =
A1, =
A(1,3) =
A(t,4) =
A(2,0) =
A(2,2 =
A(2,3) =
A(2,u) =
A(3, ) =
A(3,2 =
A(3,3=

stvar
E
NOW,

L 2
Q
L2
o
L3
no
S
own
mo
o
[}

SYMBOLS

TH
4
0
1
0
0
0
0
1
0
0
0
9

15

A(3,4) =
A{4, N =
A(4,2) =
Ay, 3)

.
-

=15
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THE A MATRIX (PLANT HATRIXD

0. 1. J0E+00 .
3: 93 39 1:30z000 8:3
0.0 g 0 1.00E+Q0
0.0 -1 0E+01 -2. 305001 -9. 00E+00
DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?
n
ENTER THE ELEMENIS OF THE CONTROL VECTOR--B.
B(N)=
0 M
B
0 (2=
B(3) =
0 (3)
B(4
1. (4=

THE B MATRIX (CONTROL MATRIX)

8:3

1 00E+00
DO YOU WANT TO CHANGE ANY ZLEMENT OF THE MATRIX?

o ok ok ok ek ok ook o ook dkakok ok kol e ko ok ok ok K ok ke ok ok ok ok ok ok ok R kokok ok kK ok Kok R

OPEN-LOOP CALCULATIONS
DENOMI NATOR COEFPICIENTS - IN ASCENDING POWERS OF S

0.0 1.50E+01 2.30E+01 S,03E+00 1.00E+J0
THE ROOCTS ARE REAL PART IMAG. PRRT
~3.00E8+00 9.9
-5.GO0E+J0 9.9
-1.00E+9) 0.0
0.0 0.0

DO YOU HAVE A FICTICIGUS JUreOUOT VECTOR IO ENTER?

ENTER THE ELEMENIS OF THE TRUE OQOUT?2UT VECTOR--C.

1) =

IO.C(2)=

C(3)=
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DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?

NUMERATOR COEPPICIENTS -~ IN ASCENDING POWERS OF S
2. 00E+01 1.00E+01
THE ROOTS ARE REA% PART I
2.00E
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THE FEZEDBACK COEP FICIENTS

2. 00E+07 1.30E+01 -5,)00E+00 -3.00E+00
Iy = 1.000000E+02

A
LOSED-LOJP CHARAC*ERI:IIC POLYNOMIAL -
CENDING 20WERS JF

. 00E+01 2.30E+01 1.73E+01 6.00E+00 1.00E+00

THE G
THE C
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0.0

DO YOU WANT TO RUN ANOTHER MJDE IN STVAR?
NCLUDES THE STATE VARIABLE FEEDBACK PROGRAMY

MAXIMUM NORMALIZED ERROR =
0
)

THE ROOTS ARE

- ©O

the

lues of

13 equ

2X is next needed ¢

K

tha+
envalues of

s 23
that ghe va
ard that

indicate
th

DO YOJ WANT TO RUN LINCON AGAIN?

ANALYSIS IS COMPLETE.
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OBSERVA3ILITY INDEX AND
YSTEN.
SYSTEM (UP TO 8).
MATRIX--A.
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ELEMENTS OF THE PLANT

ENTER THE ORDER OF THE

ENTER THE

A(i, =
A(1,2)=
A(1,3) =
A(l, W) =
A(2,M =

NOW,

4

ainiin,




, M2
YRR
0 A2, 1) =
R YERIE
0 A(3,2)=
RYEREE
1. A(3,4)=
, A=
h 2
3t =
EYOTE

THE A MATRIX (PLANT MATRIX)

.0 1.008+00 ).Q 1.

8.0 0.8 1.008+00 3.8

0.0 2.0 . .00E+0QQ

0.0 - 1.50E+01 -2.30E+01 -3.00E+00
|

1
DO YOO WANT TO CHANGE ANY ELEMENT OF IHE MATRIX?

ENTER THE NUMBER JF COLUMNS OF THE B MATRIX.

ENTER TYE ELEMENTS OF THE B MATRIX.
31,1 =
0
B(2,1) =
0 (2,1
, BG/M=
B(4, 1=
1. (4, M
THE 3 MATRIX
G.0
9.0
9.2
1.00E+00
D0 YOU WANT TO CHANGE aANY ZLEZMENT OF THE MATRIX?
el
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TO
N WHEN SOME

O™ O

-
o
g
g M

*hesis example
ENTER THE ORDER JF THE SYSIEM (UP TO 8).

ENTER THE NUMBER JOF MEASUREMENTS (UP ID 8).

2

, ENTER THE ORDER )P THE OBSERVER (UP 10 8).
ENTER THE ELEMENTS OF THE PLANT MATRIX--A.

0 A(, 1=

, M2 =

o A=

0 A(,4) =

0 A2, M=

. A(2,2) =

,. M2

0 A2, 4=

, A3,M=

s AG.2=

o MG.3=

1. A(3,8) =

0 A, N =

RELEN

Y Sl aL

Lo A=

ER

aukin A oottt ation i ~ - S




T

L R

THE A MATRIX (PLAN YATRIX)
0.9 1.00E+00 1J.)
2.0 0.9 1.30E+00
0.0 O.D 2.0
0.0 -1.50E+01 -2.30E+01

DO YOU WANT TO CHANGE ANY ELEMENT OF TIHE

+0
+0
.

> OO0

TRIX?

ENTER THE ELEMENTS OF THE DISTRIBUTION MATRIX--B.

B(1) =
B(2)=
3(3) =
B(W) =
THE B MATRIX (DISTRIBUTION MATRIX)
oIo
o.
1. 00E+00

DO YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?

ENTER THE ELEMENIS OF THE JUIPUT MATRIX-~--C.

cp,n=
c(1,2) =
c(,3) =
c(1,4) =

C(z, M=

HE MATRIX?

EVTER THE DESIRZD FEEDBACK CZOECZFICIENTS.

?DBK COEZFF (1) =

82
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FDBK COEFF (2)=

13.

PDBK COEFF (3)=

'6.

FDBK COEFF (4)=

3.

THE DESIRED FEEDBACK COEFFICIENTS

O CHANGE ANY ELEMENT OF I'HE MATRIX?

3
00
00

T

E+
E+
Q0E+
00E+
WANT

i
-6
-3
DO YOU

IENT FORM

-~
~

COEFFI

A
R
RJ0T.

ENTER THE REAL PART OF THE

£
-3.5

MAGNITUDE OF THE IMAGIWARY RJOT.

m
& &

ENTER

ZNTER THE REAL PART OF THE RJOT.

MAGNITIDE OF THE IMAGINARY ROJT.

THE

ENTER

[a¥ 3] ¢

(s I |

OBSZRVER EIGENVALUES

e e ok ook Kol ook o dkeok 3k ok ke kK K skl ok ok e ke ok koK dookok gk e ool ok ekl o ko ke xkk

MATRIX)

[SENVALUE

a3}

SATN MATRIY)

R

(OBSERVER SFAIN MATRIX)

FEEOBACK CO
O.)

N3ATOR
1. COE+Q0

=
et

coup

RVER DESIGN PROGRAY.

LUENBER3IER OBS:Z

THE

LUDES

~
~

SOy

THIS
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DO YOO WANT TO RON THE PROGRAM AGAIN?

ANALYSIS IS COMPLETE. DO YOJ WANT TO RON LINCON AGAIN?

LINCON IS NOW TERMINATED.

The results >f STVAR, OJBSCON and LUEN are shown in

Appendix I. Prom thaese thz thes observer is given as

©-7.5 1.0 Ty (0", 85.5 29.25" x, (v)' =309

y(*) = u(t)
L~1a.o 0.0’ Ly,(t)) . 3.3 0.0 ,an(t" L-1.5‘
and
[ . h ] r - 1
u(*) = 1.0 (%) - {20.0 3.5) K'(:) - (1.0 0.0] Y’(:) }
. !1(»)‘ LY.,(-)‘
34




G. OPTIMAL CONTROL 230GRAM (JPTCON)

Given the linear, tims-invacriant system represented as
E(t) = Ax(t) + Bu(t) (4. G=1)
OPTCON will minimize the cost funciion

' 3]
J(N)=1/2% (M) QX () +1/2 Z[zm 2x (k) +RuZ (k) ] (4. G-2)
Rio

where
X = state vector
Q = measurement noisz covarciance ma“rix (n x r)
N = number cf tiae intervals over whizh the sum is nade
R = random Input (a scalar)

plant matzix (n x n)

[l
]

B = distribution mazwrix (n x 1)
' and

u(t) = centrol (a scalart).

The outpur of th=2 program is <he fesedback gain ma<coix

b

h

[}/]
17}
r
w
% 2
[$1]

which, when mul-<ipli2i by vector, vields a scalar

cen<rol. The Zollowing recursive equations were derived

Y
Q

using dynamic progranaing,starting a* <+ha “eramalnal tim2 and

wcoking backwacds.

=
B(k) = %/(k)g(k-1)¥th M B Ré(k)&T(k). 2()) =9 (4. 3=3)
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l’.b(k) =9+ 00 (0, "_pm =0 (4. G=4)
T _ §, \J T _
A (k) = -[82(k-1)2)/ 8 RPKk-1)8 ¢+ R], A (0) =0 (4. G=8)

For simplicity in programaiag, the following terms are

defined:
. T
terminal = 1/2x (¥)Qx(N)

N=i
trajectery = 172 ) x(x) QE(X)

el R0
fuel = 172 E:Ruz(k)
ko

1. Tgrminal Sassion Exampl:

Given the system and parameters dsscribed below £ingd

+he discrete steady state gains £o5- a sampla2 of 0.1,

‘) 0.0 1.7 ©) o .3° “
X = X u (-
= 1.0 0.0 ~ 1.7
[N 4 [ |
M. 1.0°
2= .. 1.0
(9 4
R = 1.0
Ir addi“ion, run th2 progzam for 2 %time intesrval of
40.
lincon

EXZCUTION 3EGINS...
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AT

o

ENTER THE SAMPLE INTERVAL--DT,
ENTER DT IN F-FORMAT **=*

THIS POINT YOU MUST CHOOSE JNE OF THE FOLLOWING OPTIONS:
OPTIC : ENTER THE NUMBER O _IP
(} FINITE, COSI=IERMINAL+TRAJECTORY+FUEL,
{2) R IS 2ERO, COST=TERMINAL+TRAJECTORY+ 0

OPTICN B: ENTER THE NUMBER 1 IF
(1 is FIWITE, COST=TERMINAL+ ) ¢ FUEL,

(2) kR IS ZERO, COST=TERMINAL + 0 + 0

IFP YOU WANT TO READ IN THE A AND B_MATRICES
BUT NOT THE PHI AND DEL MATKICES, ENTER A 0

HOWEVER, IF YOU HANT I'O ENTER THE PHI AND DEL MATRICES,
BOT NOT THE A AND B MATRICES, ENTER A

THE ELEMENTS OF THE PLANT MATRIX--A.

THE A MA;RIX éPLANT YATRIX)
0.0 +3)
1. 00E+00 0 0
DO YOU WANT TO CAdANGE ANY ELEMENT OF THE NATRIX?
??Eﬁ’gHE ELEMENTS OF THE DISTRIBUTION MATRIX--B.
L) s

B3(2,M =

7HE B MATRIX (DISTRIBUTION MATRIX)
1.00E+00
D0 YOU WANT TO CHANGE ANY ELEMENT OF THE MATRIX?

-3
2]

3 RYI,947RIX .
1.005003E+00 1.90165732-01
1.001667E=01 1.005003E+00

THE DZL MATRIX
5.00416L5-03
1.00 166 7E-01

MINIMIZATION OVZR_ALL STAGES

TCA AT e

AT (1) = =2.462-)2

AT (2) = -71.988-)1
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A. CONCLUSIONS

Although LINCON was #ritten primarily as a
teaching/learning tool, it cap still be guite useful ¢o the
practicing enginreer for design and analysis problems. It was
written in modular form so that it could b2 easily modified
by *he addition of subroutines.

LINCON has beea extensival tested in an advancad
oprimal estimation =ours2. Th2 interactivs aspects proved
highly successful. Hopafully all +he ‘"bugs" have been
eliminated.

As stated earlier, althouga the original in“ent of <his
thasis was *“o adapt Jd2sjardins' varsion of Melsa's LINCON by
meking it interactive, LINCON began t> grow as o<+her
rou*ines were added and/or =xt21sively medified,

OPTCON, the optimal «contcr>l progran using recursive
equations derived froa dynamic srogramming, is a rew member
to <he LINCON family. Desjarciins' KALMAY, +<he discrzt2 =zine
Kalman fiiter progr:2a, uanderwzn* considz-able progrzaaing

chanrges before achieving its pr2sent form.




e {

M ——

B. KECOMMENDATIONS

(1} The source program, LINCON FORTRAN A1, nmust now be
passed from user to user and ti=n compiled before it can be
used. As can be seea in the ta2rainal session examples, the
program was invokel by typing "iincon". Actually, this is
an executive progran, LINCON EXEC A1, comprising of the

following statements:

FILEDEF 09 PRINTER (RECFM PA LRECL 133 BLOCK 133

LOAD LINCON (START

The first statement 12fin2s 03 23 <he printesr and permits i<«
t¢ print ou: 133 charictars p2c lira. Th2 second statement
inveckes the compiled version >f LINCON, It is recommsnded
+ha%+ LINCON De plac21 oo a utility disk so tha< wusers may
1ink to it instead of the curcsat procedura.

(2) A+ +imss 1% can bz 2xceedingly difficult to
irterpret *“he *abular cutpur of szme ¢f <hs p-ograms. It iz
reccamended *tha+t a graphics package be devzloped fcr RIRESE,
RICATI, KALMAN ard OPICON. The ocackage should be interzc-ive
wi=h the ou“pu% beingy first displayed on the <=2rminal scceen
ard then 21llowing %a2 user t> zhoose <+«h2 type of outour,

i.6., VIRSATEC, TEKTRINIX cr priatn-plct.

33
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(3) In general, the programs are limit2d4 %<5 eighth-order
problems. If the n22d4 shouli arise to saolve higher order
systems, this 1liaization may ne2 removed by extending the
appropriate dimensinn statemerts. The us2r must remeaber to
alter the format statsmernt pertiining to the output, =2i<her
decreasing +he significant figur2s or adding a "wrap-around"
feature *o overcom2 the ptinter liamitatiors 2% 133
characters per 1lins.

4) As it is wrizten, LUEN can »only solve for a
reduced-order observsr. It is rzcommendel that the program
be modified so that the user has the op+isn of selecting 2
reduced-order observar or an id:ntity obsearver.

(5) The ficticidus and r=zal ¢ ma-=rices of SIVAR are
required o have thz .aznsions 1 x n. It is recommenied
that the program bz a5dified to accept a dimension sizz 2f m

X N,

Ju

i o i i vt o il i i




KRERK kK k5K

NUMERATOR OF THE

T OF THE MATRIX
dekkokkhk Rk kKRR kR E R Rk KRRk Rk kR Rk ok ok kkk khk

X COEFFICIENTS JOP THE

RIX

J00000E+00

0.2
0-0
1.

1.000000E+ 00

CQEFFICIENT JF S**2
0.0
0.0

E+

* HHO

JF S**]
S%xxQ

JF

ZRS OF §
1.000000E+G0Q
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e d

PARTIAL PRACTION EXPANSION
OBLEM IDENTIPICATION: THESIS
**#****t*ttﬁ*ttt bl R L T TR S T
THE Iggg%ogﬂgcrION SAIN
¢*t*ttt#tt¢ttttt*tttt*#*tttttttt***t**t***tt*t*tt*ttt» *h%
NUMERATOR COEFPLCIENTS - IN ASCENDINS POWERS OF =
2.J0J300E+ 00 .0000E+00 1.0000E+Ly

EXAMPLE
SRR EERERRERRKEE RRK

2.0000E +00
NUMERATOR ROJTS ARE
REAL PART IMAG. PART
0.0 -1.414213E+00
0.0 1.414213E+00
-1.0009 00E+J0 0.
o e o ok ke el oK ke ok e ofe Rk ek ke 0 dk ok ki 3k ok o i e sk a3 2k ol e ol ok ol 3K e o 3 e ok ol ok ofe o ot ol e akook
THE INPUT FUNCTION 3AIN
7.000000E+00
*******t**ﬂ***t#**t# o3 2 e e e e ok o ok o 3 o ok ok 2k 2k sk ok 3k o ke sk e e ke je e ok e ko e
ENOMINATOR COEPPICIENTS - IN ASCENDING POWERS OF S
2.00025 50 1. 030 E+00 0.0 3.000E+00 . 000E+00
DENOMINATOR ROITS ARE
REAL PART IMAG. PART MULTIPLICITY
-3.018859E+00 .0 1
-3.1276 04E-31 0.0 1
u.6580953-31 -8, 308427E-01 1
4.658098E-)1 8. 308427E-01 1
de ek d it ok ok Ak dnae gk ok e ook ik e ek Akl ke o ol ke Kk R K 3 e e o e e ok ke e e ok o e ok ok ke oK o sk ok ok ko
RESIDUE MATRIX - REAL PART
3-810872E+00
3.1708378-01
4. 360231E-01
4.360231E-01
RESIDUE_MATRIX - IMAG. PART
§.§563u93-o§
22061uosa+oo
-2.0614 062400
% Aok Kl sk 3ok ok ook ok 3K K g ek sk e e e ok e ok ol o ok ke 3 ok e ke ke ok o ok ok ok e ke sl sk e ol ok e ok ol ok skl ik koo
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APRENDIX ¢

ROOTS OF A POLYNOMIAL

PROBLEM IDENTIFICATION: THESIS EXAMPLE
ARREREERRE PRAREREE KRR R KR EREE kR KKK R KRR R ER R kR R Rk k k kK&
POLYNOMIAL COEFPICIENTS - IN ASCENDINS POWERS OF S
8.0000E-01  5.1000E+00  3.0000E+00  1.0000E+00
THE ROOTS ARE REAL _PART IMAGINARY PART
S1Eh9a38 800 TURSEBAEELRS
-1.813221E+00 ~1.6162u8E+)J
-1.735564E-01 0.0
Aol e ale e dk ok g e kel R akakok ok 0 kol ok ks ke ak ok K kK gk Rk Rk K Xk kR ok ok kK ok kK kK
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ARRENDIX E
OPTIMAL CONTROL/CONIINOJUS KALMAN PILIER PROGRAM
BLEM IDENTIPICATION: THESIS EXAMPLE
***t***‘t*t*##**tttt#**tt#t*t*ttt#t*t#**##*tttt*t***tttt*t

HE A MATRIX (PLANT MATRIX)
-1. OOOOOOE 00
0.0 -2.000)008+0)

HE B MATRIX (DISTRIBUTION MATRIX

3 60303+33 ‘8.3 )
1. 000) 00E+D)

HA%RIX (H’SSUREHENT MATRIX)

2. 0000 00E+0)
******t#*t#t*t***t**t****#*****#*tt*t*#**ttttt*#
MATRIX (SONTROL WEISHTING MATRIX)

OE+00
2. 000) 00E+D)

TRIX (STaA I3 HIING MATRIX
00 (1. 356, 8558 '
00 .ooooooz+oa
Ptk ok ok k Kk gk ok

1.
0.

on# Ol

ol 4 Oby
# ©

O * oﬂ

*
*
*
Om O
[

#O0H QO #OOH Oo

1
1

=g
0 %$0S

(9=}
A 258

*e o
* #Oo0om

0
*
*% ONTROL OPTIJN %&%

Rk hk Rk Rk K ok kok
gHE P MATRIX (gEgHINAL BOJNDARY VALUE MATRIX)

*#**;**********#****;t********t#********************t*****

TRANSIENT SQLUTIOX
TINE = 1.000E+J1
GAINS

0.0
0.0
9.000B+3) .
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Rgxhkkghk kkk

THESIS E

o0

?DE JF THE

MATRIX (DISTRIBUOTION MATRIX)
R
J

AMMA
- 01
0E-01

G
0
0

Q0

25
00

HONO

1.
5
4.

SERVATION MATRIX)

0

(MEASUREMENT NOISE COVARIANCE MATRIX)

2B
(3

RIX
Ak ok & Rk kR kR Rk R Rk kR Rk Rk Rk Rk kX

~o

ATRIX
+00

¢ e oe e ok ook e e o ok ok ok ke ok ok ek ok ok kR ok Rk

TIAL CONDITION MATRIX)
+
=

00) 00E+03
RkkkkkRkE

HOO#*

IN
d.
1.
k%

% ok ok gk xg k%

1.923759E+0)

1
3E-01

K =
GA;NS
.80772

o

3.980751E-01

5.237227E-01

4.522047E-01

3. 7162 16E-01

5
9E-01

3. 362513E-01

3.232893E-01

3. 201340E-01

3. 202326E-01

104




3.207918E-01

3. 2103 92E-01

3. 2093 99E-01

12
6E- 01
13

3.208563E-01

3.207275E-01

3. 2064 94E-01

3. 20614 3E-01

3. 206335E-01

3.206024E-01

19
SE-01

[}
14

3. 206034E-01
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APRENDIX H

STATE vaa:aana FEEDBACK PROIGRAN
TROBLEM IDENTI TION: THESIS EXAMPLE
**t#t*.t‘*##*tt**t*t#*#*****t*t******t*tt#*********#**tt##
THE A MATRIX 6?LANT MATRIX)
~1.0C0000E+0 00000 E+00 9.3
0.0 0.0 1.000000E+00
0.0 -3.0000008+00 0.9
THE B MATRIX (CONTROL MATRIX)
0.0
1. 0000 00E+00
***t*t**t***#***##*tt**###***ttt**t******t***#************
OPEN-100P CALCULATION
DENOMINATOR COEF FHCIERTS ~ IN ASCENDING POWERS OF
3.0000E+00 3.0000E+0) 1.0000E+00 20000 2400
THE ROOTS ARE REAL PART ¥ ART
553 % 5550851
) 732051a+oo
000Q0E+00

t***tt**:t******tt*tt**tt***tt«a*t*t*t****t*tt****t**tt*t
THE 8 MATRIX (FICTIZIOUS JUTPUT VECIOR)

*

0.0
320000 00E+00
NUMERATOR COEPFICIENTS = [N ASCENDINZ POWERS OF S
0.0 1.000203E+00  1.000000E+00
THE ROOTS ARE REAL PART IMAGINARY PA -
-1.2000008+00 0.0
***********‘*****************;"*************;************
THE C MATRIX (DJTPUI VZCIIR)
1.0 00000E+)
1: 383 30530
0
NONEBATOR CORSFICIENTS = [N ASCENDING 204Z35 OF S
ER 805 05e 53000583 y
THE ROOTS ARE REAL PART IMAGINARY PART
-3°3500008+0C 0.0
ofe o o o ek ok dk okl ok o Kk e ok Rk i e g ok e e ok ke K ok ook ok ok ek ok ok & & ok ek ok o e ek ok ok ok R ok
CLOSZD-LOOP CALZULATIONS
EY = P emkkE
THE YUHERATOR JF H-ZQUITALENT -
IN ASCENDING DPIWERS OF S )
5. 3306 00E=01 1.50000)E+00 1.500000E+G0
THE 209TS ARE REAL PART INAG. PARY
% 33505528 PA2T s86756z2-01
900995287 T5:8887285:3)
THZ PESPRACK CDEPPITIENTS
§ 558388505 73 1.330000E+00
THE GAIN =  2.000000E+0)
THE CLOSED-LJOP CHARACTERISIIC POLYNOMIAL -
1N ASCZHDING 274 ERS OF 3
4.3000E+00 " €.3000E+2) 4.0000E+00 1.00092+00
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0
0.0

P
b)
J
J
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MAXIMUM NORMALIZ ED ERROR
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ABRENDIX I

SI‘AIE VARIABLE FEEDBACK PIJ)GRANM

OBLEM IDENTIPICATION: THESIS EXAMPLE
****#**#**ﬂt***‘.#i‘***‘***#*C#******‘*t‘t‘***#*#*#t#.t##
THE A MATRIX (SLANT MATRIF)
0.0 1.00033CE+00 3.0 0.0
0.0 0.9 1. 000000E+00 0.9
0.0 0.0 9. 1-000000 E+00
0.0 -1.502200E2¢01  -2.300000E¢01 =-9.000000E+00
THE 8 MATRIX (SONTROL MATRIX)
0.0
0-0
1. 0000 00E+00
RRRREREEE R WK BERR K R KR KRR KRR Rk kKRR Rk kk kA kkk
OPEN-LOOP CALCULATIINS
DENONINATOS COBF FICIERTS - IN ASCENDING PONERS OP
0. 1.5002+01 2.300E+07 9.000E+20 E8802+20
THE ROOTS ARE REAL PART IMAGINARY DART
-3.7300005+00 9.0
-3.399999E400 0.0
-9:399999£-01 9:9
ok ok K kR & Rk Kk ke k& ********;ﬁ**************;*************
THE ¢ MATEIX (OUTPUT VETIIR)
1Zoooooon+01
0.0
0.0
NUMER A PPICIZNZS ~ [¥ ASCENDING POWERS OF §
N 3505955 13300058403 N c
™HE R007S ARE REAL PART IMAGINARY P ART
-3.332000E+00 0.0
de ek e ook ik o ook ok ok kAR e et ok ko ke okl & ok ok ok kK ok &k Kk Kk Rk ok ki kkk R Kk
CLOSED=1002 CALCULATIONS
BEE NUNERATOR 3? H-EQUIVALENT-IN ASCENDING DOWERS OF S
2.000E+01 .3002+01  -6.000E+)) =3.9002+00
THE ROOTS ARE REA RT IMAG, PAR
* a-%.%%%z%aﬁb g.o
32062838400 0.0
THZ FEEDBACK COEFFISIENTS
2.0002+01 1.3008401°  -6.000E+20  -3.000E+J0
THE GAIY = 1. 0002 00E+9)
THE CLOSED-LICP CHARACTERISIIC POLYNIMTIAL
IV ASS2IDING 2J4E3s 07 S
Z.000E¢01  2.800B¢01  ~1.7032%01 "6.J00E+00 1.000Z+00
THZ ROOTS ARE REAL PAPT IMAG. PART
=1.509000E+00  =2.0000003+30
-1.303000E+00 5:300000E+09
-1.339516%+00 0.0
MAXIMUM NORMALIZ ED ZRROR = 2.0
OBSERVABILITY, ZONTROLLABILITY
PROBLEM IDENTTPICATION: THESIS EXAMPLE
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